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Abstract—This paper investigates intra-cluster channel
characteristics of non line-of-sight (NLOS) 28 GHz channels in
street canyon scenarios. These channel characteristics include
cluster numbers, number of subpaths within each cluster,
intra-cluster delay spreads, and intra-cluster angular spreads.
Both measurement and ray tracing results are presented and
compared. Furthermore, distribution fittings are performed
and models and parameters for different intra-cluster channel
characteristics are proposed.
Keywords – millimeter wave, ray tracing, channel measurement,
intra-cluster channel characteristics.
I. INTRODUCTION
It is expected that the emerging fifth generation (5G)
wireless access systems are able to provide unprecedented
data rate for a large number of users. A wide range of high
speed applications such as streaming high-definition videos
will be supported by 5G. The aggregate data rate of 5G is
required to be roughly a thousand times larger than that of the
current fourth generation (4G) wireless systems [1]–[3]. This
performance indicator is both appealing and challenging.
Millimeter-wave (mmWave) communications have been
considered as one of promising techniques for 5G because
there are large unallocated spectral resources in mmWave
frequency bands. Typical bandwidths in mmWave frequency
bands are ranging from 0.5 to 2 GHz. By properly using
these bandwidths, the targeted data rate in 5G can be achieved.
For the purposes of mmWave communication system design,
understanding of propagation characteristics is of crucial im-
portance. It was stated in [4] that volume scattering may be
reduced in mmWave band due to the fact that penetration
depth is inversely proportional with frequencies. Also, objects
become large with respect to smaller wavelengths in mmWave
bands so that they mainly contribute to specular components.
Pathloss at 28 GHz was studies in [5] and [6], showing that
pathloss at 28 GHz is severe and beamforming is required to
compensate attenuations due to high frequency. Besides large-
scale channel characteristics, small-scale channel characteris-
tics at 28 GHz were discussed in [7] and [8]. Multipath delay
spreads for both line-of-sight (LOS) and non LOS (NLOS)
environments at 28 GHz in [7] were in the order of hundreds
of nanoseconds, which were smaller than those of channels
at below 6 GHz. Angles of arrival (AoAs) and angles of
departures (AoDs) were analyzed under the assumption of
steerable beam antennas in [8]. It can be observed that angular
spreads were smaller due to the use of steerable beam antennas.
Channel models based on the 3GPP three dimensional (3-D)
spatial channel model (SCM) [9] at 28 GHz were developed
in [10]. The channel parameters for this channel model were
extracted via measurement data. Although extensive channel
measurement results and channel characteristic analyses at 28
GHz have been reported in the literature, the investigation on
intra-cluster channel characteristics at 28 GHz are missing.
Intra-cluster characteristics are essential in mmWave channels,
which is caused by high bandwidth and high time resolution
in mmWave bands with large bandwidth. These characteristics
include the number of subpaths within each cluster, intra-
cluster delay spreads, and intra-cluster angular spread. In this
paper, the abovementioned intra-cluster characteristics in a
NLOS street canyon at 28 GHz are not only extracted via
measurements but also via ray tracing simulations. The focus
of this paper is in NLOS scenarios due to limited measurement
results. LOS scenarios will be studied in future work.
The contributions of this paper are two-fold. First, intra-
cluster characteristics of ray tracing simulations and measure-
ments are compared. Their alignment demonstrates that ray
tracing results can be used as reference when measurement
results are not available. Second, statistics of intra-cluster
characteristics are studied. Distributions are used to fit these
characteristics, which can be employed in channel model
development for above 6 GHz channels.
The remainder of this paper is organized as follows.
Section II gives the general description of the ray tracing
and measurement environment as well as their configurations.
Section III presents definitions of intra-cluster characteristics.
Both ray tracing simulation results and measurement results
and their comparisons are discussed in Section IV. Conclusions
are drawn in Section V.
II. ENVIRONMENT SETTINGS
A. Experiment environment description
The experiment environment is in Daejeon, Korea. Streets
and buildings are the main components in the environment.
The distance between the transmitter and receiver is up to
200 m. The experiment environment is categorized as urban
micro (UMi) street canyon. Several features of UMi street
canyon scenarios have been identified in [4]. UMi street canyon
scenarios have high user density. Also, the users are mainly
pedestrians or slow vehicular users. Buildings on both sides of
the street have normally four to seven storeys. The length of a
street is in the order of 100 m. In addition, street furniture such
as lampposts, traffic signs, and trees is typically seen in the
environment. A bird’s view of Daejeon is illustrated in Fig. 1.
B. Ray tracing settings
The ray tracing simulation was performed via the shoot-
and-bounce method using the Wireless InSite [12] software.
Fig. 1. Bird’s view of Daejeon (UMi street canyon) [10].
Rays with 0.1◦ degree angular spacing were launched at
the transmitter. Propagation effects on these rays such as
reflections, diffractions, and penetrations were modeled using
geometrical optics (GO) and uniform theory of diffraction
(UTD). Then, the rays were traced up to a maximum number
of reflections, diffractions, and penetrations until they reached
the receiver. At the receiver side, a typical threshold 250 dB
of propagation loss was assumed such that rays attenuated by
more than 250 dB will not be considered in at the receiver.
Delays, power, and angular information were the outputs of
the ray tracing simulation.
To mimic realistic environment as accurately as possible,
3-D geometrical information needs to be input to the ray
tracing simulator. The 3-D layout of Daejeon is shown in Fig.
2. Moreover, frequency-dependent material properties were
considered to model propagation characteristics at different
frequencies. In this simulation, concrete was assumed for
buildings and wet earth was assumed for the ground. In this
case, permittivity values at 28 GHz for concrete and wet earth
are ǫ = 6.5 and ǫ = 15, conductivity values at 28 GHz for
concrete and wet earth are σ = 0.668 and ǫ = 1.336 [13].
It can be argued that surfaces of buildings may contain other
materials such as wood and glasses. However, the inclusion of
other materials will introduce extra complexity. Also, it can be
observed in later paragraphs that concrete only for buildings
is able to present results well aligned with measurement.
Other input parameters such as maximum numbers of
reflections, penetrations, diffractions, and rays in total were
configured as Table I. Larger values can be used for better
approximation of the realistic environment, at the cost of
longer simulation time.
TABLE I. RAY TRACING SIMULATION SETTINGS.
Parameter Value
Ray spacing 0.1 degree
Maximum number of reflections 12
Maximum number of penetrations 2
Maximum number of diffractions 1
Maximum number of rays in total 40
Fig. 2. 3-D geometrical layout of Daejeon for ray tracing simulations.
C. Measurement settings
In addition to ray tracing simulations, a measurement cam-
paign was performed in the same environment. The channel
was measured via a wideband radio channel sounder, which
transmits 250 Mega chip-per-second (Mcps) pseudonoise (PN)
sequences. The transmitter was located at a fixed position,
which was 15 m above ground. Receivers were placed in
thirty eight different locations (1.6 m above ground) in street
canyons, which are illustrated in Fig. 1.
Horn antennas with 24.5 dBi gain and 10-degree half-
power bandwidth were used in both the transmitter and re-
ceiver. These antennas can be rotated pointing various direc-
tions in azimuth and elevation automatically via a synchronized
triggering signal. Both the transmitter and receiver scanned in
the azimuth and elevation directions. The transmitter scanned
from −π to π in the azimuth and from −pi3 to
pi
3 in the
elevation. The receiver scanned from −pi3 to
pi
3 in the azimuth
and from − 2pi9 to
pi
18 in the elevation. Other specifications of
the channel sounders are listed in Table II. Measurement results
were synthesized to generate omni-directional channel charac-
teristics. In each measurement location, channel characteristics
of rays such as power, delay, and angles were recorded.
TABLE II. CHANNEL MEASUREMENT SETTINGS.
Parameter Value
Carrier frequency 27.925 GHz
Signal bandwidth 250 MHz
Transmit power 29 dBm
Antenna type Horn antenna
Antenna Gain 24.5 dBi
Antenna beamwidth 10 degrees
No. receiver locations 38
III. INTRA-CLUSTER CHARACTERISTICS
In a 3-D propagation environment, a proper channel model
should consider accurate space-time characteristics and im-
pacts from angles in both azimuth and elevation. A generic
structure for this channel model was presented in [14]. The
channel impulse response can be expressed as
h(t,Φ,Θ) =
N∑
n=1
Mn∑
k=1
ankδ(t− τnk)δ(Φ−Φnk)δ(Θ −Θnk).
(1)
Subscripts (·)nk are representing the kth subpath within the nth
cluster. In addition, a and τ are the complex gain and delay
of a subpath. Vectors Φnk,Θnk are AoD and AoA directions,
respectively. The AoD direction Φnk = [φAnk φEnk] is a vector
consisting of azimuth and elevation AoDs. Similarly, the AoA
direction Θnk = [θAnk θEnk] is a vector consisting of azimuth
and elevation AoAs. It should be noticed that different numbers
of subpaths are assumed in different clusters. Therefore, the
number of subpaths Mn within the nth cluster is depending
on n. The number of clusters is denoted as N .
A. Number of clusters
After obtaining data of subpaths via ray tracing or mea-
surement, clustering algorithm needs to be performed to group
these subpaths into a number of clusters. The clustering of
subpaths depends on their delays, powers, and AoAs. In
principle, AoDs can be considered as well. However, in this
paper, we considered clustering from a receiver’s perspective.
Therefore, the cluster algorithm is not related to AoDs. The
K-means++ algorithm [15] was developed based on the K-
means algorithm with an additional simple randomized seeding
technique. Here, the K-means++ algorithm was employed to
analyze the number of clusters.
Euclidean distance was used as the metric for clustering.
Let K be the total number of centroids. The K-mean++
clustering algorithm first randomly chooses K centroids. Then,
it group a subpath into a cluster by the minimum Euclidean
distance, i.e.,
kˆj = argmin
k∈{1,2,··· ,K}
√
β2(τj − τk)2 + (θAj − θ
A
k )
2 + (θEj − θ
E
k )
2
(2)
where β = 10 is a scaling coefficient, τk , θAk , and θEk
are the delay, azimuth AoA, and elevation AoA of the kth
centroid, τj , θAj , and θEj are the delay, azimuth AoA, and
elevation AoA of the jth subpath, and kˆj is the estimated
cluster index of the jth subpath. Then, each centroid is updated
by averaging subpaths inside and the K-means++ clustering
algorithm continues iteratively until convergence. Finally, the
optimum number of clusters N = Kopt is determined by the
Kim-Park (KP) index in [16]. The KP index is computed by
the mean intra-cluster distance and the inter-cluster minimum
distance. The introduction of KP index is beyond the scope of
this paper, details can be found in [16].
B. Number of subpaths per cluster
After clustering the subpaths, the number of subpaths Mn
within the nth cluster can be obtained. Let Wn = {j : kˆj = n},
then Mn = |Wn|. It can be observed that the numbers of
subpaths within clusters are not necessarily the same.
C. Intra-cluster delay spread
In [17], the definition of delay spread for clusters was
given. In this paper, this definition can be generalized to
compute intra-cluster delay spreads. The average intra-cluster
delay τ¯n and root mean square (RMS) delay spread Sn for the
nth cluster can be expressed as
τ¯n =
Mn∑
k=1
τnkPnk
Mn∑
k=1
Pnk
− τ˜n (3)
Sn =
√√√√√√√√
Mn∑
k=1
(τnk − τ¯n − τ˜n)
2
Pnk
Mn∑
k=1
Pnk
(4)
where τ˜n = min {τn1, τn2, ...} and Pnk is the subpath power.
Since the intra-cluster RMS delay spreads are not equal for
different clusters, cumulative distribution function (CDFs) are
needed to study their statistical properties.
D. Intra-cluster angular spread
Similar to intra-cluster delay spreads, the average intra-
cluster azimuth AoA θ¯An and azimuth AoA spread Qn for the
nth cluster can be expressed as
θ¯An =
Mn∑
k=1
θAnkPnk
Mn∑
k=1
Pnk
(5)
Qn =
√√√√√√√√
Mn∑
k=1
(
θAnk − θ¯
A
n
)2
Pnk
Mn∑
k=1
Pnk
. (6)
Let Vn be the intra-cluster elevation AoA spread of the
nth cluster. The same procedure can be used to compute Vn.
However, it is neglected here to avoid repeated interpretations.
IV. RESULTS AND ANALYSIS
The numbers of clusters of the 28 GHz NLOS channel
in street canyon are listed in Table III. The mean number
for ray tracing simulation is 2.2 while the mean number
for measurement is 3.4. The reason for that ray tracing has
a smaller number of clusters than measurement is because
ray tracing simulations were performed in a simplified en-
vironment. Hence, certain strong scattering objects such as
lampposts were ignored. Another important observation is that
the total number of clusters at 28 GHz is significantly less
than that at below 6 GHz channels. Similar conclusions can
be found in measurement performed by New York university
[18]. The default value of the number of clusters in NLOS is 20
in the WINNER II channel model [19]. It should be reduced
for above 6 GHz channel models. Based on the simulation
and measurement results, a constant number of three clusters
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Fig. 3. CDFs of number of subpaths for both ray tracing and measurement.
would be a reasonable starting point to balance complexity and
accuracy.
CDFs of numbers of subpaths within one cluster are
depicted in Fig. 3. The mean value of ray tracing is 11.8, which
is significantly less than the mean value 31.0 of measurement.
One reason for this is that the maximum total number of
subpaths considered in ray tracing simulations is limited by
40. If the maximum total number of subpaths is scaled to 104,
same as the average total number of subpaths in measurements,
the scaled mean number of subpaths within one cluster would
be 11.8 × 10440 = 30.7. This is aligned with measurement
results. In the current WINNER II channel model, the number
of subpaths within a cluster is constant 20, which may not
be feasible for above 6 GHz channel models. Also, it can be
seen in Fig. 3 that the number of subpaths within one cluster
follows a negative binomial distribution, which is different
from the uniform distribution assumption used in [11]. Then,
the probability mass function (PMF) f(Mn) of the number of
subpaths within one cluster can be presented as
f(Mn) =
Γ(Mn + r)
Mn!Γ(r)
· pMn(1 − p)r (7)
where r is positive real number and 0 < p < 1.
Next, CDFs of intra-cluster RMS delay spreads are illus-
trated in Fig. 4. Both ray tracing and measurement results
match well. The mean and median values of the intra-cluster
RMS delay spread are approximately 40 ns and 22 ns. These
are larger than the current assumption in the WINNER II
channel model, which is 10 ns. Therefore, channel models for
above 6 GHz channels should take intra-cluster delay spreads
into account. Exponential distributions can be applied to fitting
the distribution of intra-cluster delay spreads.
In Fig. 5 and Fig. 6, CDFs of intra-cluster angular spreads
are presented. Since 3-D effects are considered, angular
spreads should consist of azimuth angular spreads and ele-
vation angular spreads. In Fig. 5, ray traced azimuth AoA
spread and measured azimuth AoA spread have a similar trend,
their mean values are approximately 40 degrees. Also, similar
trend can be observed in intra-cluster zenith AoA spread in
Fig. 6. However, it can be observed that there is a small gap
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Fig. 4. CDFs of intra-cluster RMS delay spreads for both ray tracing and
measurement.
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Fig. 5. CDFs of intra-cluster azimuth AoA spreads for both ray tracing and
measurement.
between the ray tracing result and the measurement result in
Fig. 6. This can be caused by that zenith angles are not fully
stochastic and they have certain dependency on the distance
between the transmitter and receiver. Locations of ray tracing
and measurement do not fully overlap, which is responsible for
the gap. However, the gap is within 2◦ which is sufficiently
small to be neglected. Also, lognormal distributions can be
used to model angular spreads in both azimuth and elevation.
Summary of proposed models including probability density
functions (PDFs) or PMFs and parameters for intra-cluster
characteristics is listed in Table III.
V. CONCLUSIONS
Intra-cluster characteristics for a NLOS street canyon sce-
nario at 28 GHz have been investigated in this paper. The
analysis is based on data obtained via both ray tracing simula-
tions and measurements. Results have shown that the number
of clusters is smaller than that in the below 6 GHz WINNER II
channel model. Also, certain intra-cluster characteristics such
TABLE III. SUMMARY OF MODELS AND PARAMETERS FOR INTRA-CLUSTER CHARACTERISTICS.
Ray tracing
Proposed model (PMF/PDF) Mean Median Parameters
No. of clusters Constant 2.2 2 -
No. of subpaths per cluster f(Mn) = Γ(Mn+r)Mn!Γ(r) · p
Mn(1− p)r 11.8 10 p = 0.18, r = 2.63
Intra-cluster delay spread f(Sn) = λe−λSn 41.3ns 25.1ns λ = 2.42× 107
Intra-cluster azimuth AoA spread f(Qn) = 1Qnσ√2pi exp
(
− (lnQn−µ)
2
2σ2
)
41.4◦ 14.5◦ µ = 2.67, σ = 1.84
Intra-cluster zenith AoA spread f(Vn) = 1Vnσ√2pi exp
(
− (lnVn−µ)
2
2σ2
)
4.77◦ 4.34◦ µ = 1.38, σ = 0.77
Measurement
No. of clusters Constant 3.4 3 -
No. of subpaths per cluster f(Mn) = Γ(Mn+r)Mn!Γ(r) · p
Mn(1− p)r 31.0 26 p = 0.06, r = 1.96
Intra-cluster delay spread f(Sn) = λe−λSn 38.2ns 21.9ns λ = 2.62× 107
Intra-cluster azimuth AoA spread f(Qn) = 1Qnσ√2pi exp
(
− (lnQn−µ)
2
2σ2
)
34.9◦ 22.1◦ µ = 3.18, σ = 0.82
Intra-cluster zenith AoA spread f(Vn) = 1Vnσ√2pi exp
(
− (lnVn−µ)
2
2σ2
)
6.66◦ 5.40◦ µ = 1.70, σ = 0.63
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Fig. 6. CDFs of intra-cluster zenith AoA spreads for both ray tracing and
measurement.
as the number of subpaths, intra-cluster delay spreads and an-
gular spreads are required to be included for future WINNER
based above 6 GHz channel models. Distributions of these
intra-cluster characteristics have been provided. Moreover, it
has been shown that ray tracing simulations are able to provide
similar results to measurements. Therefore, ray tracing simu-
lations can be used as reference when channel measurements
are not available. In future work, channel models at 28 GHz
based on the revealed intra-cluster characteristics are to be
developed. Furthermore, it will be interesting to see intra-
cluster characteristics in LOS conditions.
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